We accomplished the first mapping of corticotropic cells in the whole human adult pituitary. Cotticottopic cells were identified by immunocytochemistry (ICC) and quantified by image analysis on 12 pituitaries obtained from people who had died suddenly. An overall view of each pituitary was given by 15-21 sections (mean 18 sections) at 300-pm intervals on six slides. Each section was systematically treated by indirect immunoperoxidase using an anti-ACTH[17-39] polyclonal antiserum. All the measures were done with a x 6.3 objective lens, each field (0.5 mm*) being considered as the unit area. The mean pituitary density (surface of labeled cehltotal surface) of corticotropic cells (9.5 * 3.0% per 0.5 "2) is significantly higher in men (11.5 * 5.1%) than in women (7.0 * 1.3%). This difference is due to an inverse relationship between the corticotropic cell density and the weight of the pituitary, which is higher in women than in men. The mean diameter of corticotropic cells is 14.9 pm and their total number per pituitary is ~1 0 7 cells. We con-
Introduction
Although a large body of knowledge exists in the field of molecular biology and fine cytophysiology of adenohypophyseal cells, little is known about the distribution of the different cell types of human pituitary. Between 1929 and 1979, the distribution of the adenohypophyseal cells was first assessed with the use of stains of low specificity, mainly PAS-orange G, PAS-trichrome, and Mallory's stains (1-6). In more recent works the cell types were identified by immunocytochemistry, but the cellular localization was imprecise and the percentage of cells approximate because these were not supported by quantitative studies (7-15). Moreover, the "normal" pituitaries taken as reference were obtained from patients with various illnesses. firmed that the spatial distribution of corticotropic cells is nonuniform: they are mainly distributed in the anteromedian part of the anterior lobe. In addition, our results demonstrated that the inferior part of the pituitary contained three times more corticotropic cells than the superior part (mean density 18.0% vs 6.0%) and the anterior part twice as many as the posterior part (mean density 12.3% vs 6.8%). On the horizontal plane, the pituitary was divided into eight zones, in which the mean of area was 2.5-21. The purpose of our investigations was to map the cells of the normal human pituitary identified by immunocytochemical technique and quantified by image analysis on whole pituitaries cut serially and obtained from people who had died suddenly. We chose to study the corticotropic cells first because of the controversy concerning the pathogenesis of Cushing's disease. If corticotropic adenoma is generally recognized as the cause of ACTH hypersecretion, a hypothalamic dysfunction with hypersecretion of corticotropin-releasing hormone (CRH) entailing ACTH cell hyperplasia may also be involved. This theory is supported by the finding of such hyperplasia asserted by some pathologists (16) (17) (18) (19) (20) . However, since 1980 (21) we have claimed that such hyperplasia does not exist in Cushing's disease. This opinion is also shared by Robert and Hardy (22) .
Etymologically, the term "cellular hyperplasia" signifies a nonneoplastic proliferation of a given cell type. The identification of cell hyperplasia is easy if there are only a few cells that are uniformly distributed in the tissue, such as C-cell hyperplasia in thyroid or G-cell hyperplasia in Zollinger-Ellison syndrome. In the 473 pituitary identification is not easy because the cells of each type are numerous and are not uniformly distributed in the adenohypophysis. The criteria for hyperplasia in the anterior pituitary must be rigorous and require quantitative analysis. First of all, the normal number and distribution of the cells must be determined with precision. The aim of this study was to establish the mapping of human corticotropic cells.
Materials and Methods
Tissue Specimens A large series of 114 pituitaries was obtained from the Institut Medico-Ligal (Lyon, France). They were removed from 64 men and 50 women, aged 20-90 years, who died suddenly of accident, crime, suicide, or unknown causes. The patients were free of disease and particularly of endocrine dysfunction. The autopsies were performed 6-20 hr after death. All the pituitaries were measured, weighed, and fixed by immersion in Bouin-Hollande-sublimate solution and then embedded in paraffin, with the stalk. From this stock, 12 pituitaries removed from adults (six men and six women, 20-50 years) were taken randomly for quantitative analysis.
Preparation of Sections. The twelve pituitaries were entirely cut in the horizontal plane. From each whole pituitary, bands of 30 serial sections 5 pm thick were made (one band of 30 sections = 150 pm). The sectioning procedure was established on the basis of the immunocytochemical quantitative analysis of a pituitary in which all the 1000 sections were studied. Given that no variation in the distribution of corticotropic cells was noted before 300-pm intervals, this was the interval chosen. To summarize, for the other 11 pituitaries, one band out of two was kept, and then the first section of each band was spaced at 300 wm. An overall view of each pituitary was given by around 18 sections (limits 15-21 sections) on six slides, which were systematically treated by immunocytochemistry.
The characteristics of corticotropic cells were also studied by PASorange G and Herlant's tetrachrome. Before sectioning the whole pituitary, the good preservation of each pituitary was first controlled by hemalum-eosin staining. In particular, cellular integrity, absence of vessel dilatation, and quality of fixation were taken into account.
Immunocytochemistry. Localization of ACTH was carried out with a labeled streptavidin-biotin detection method. also known as streptavidin-biotin amplification (23) . A Biotin-Streptavidin Peroxidase kit (Immuno Mark Universal polyclonal kit; ICN, Lisle, IL) was used. Tissue sections were deparaffinized, rehydrated, and treated with 0.3% H202 (Perhydrol; Merck, Darmstadt, Germany) for 20 min to reduce endogenous peroxidase activity. Nonspecific binding was blocked by incubating sections with 3% normal goat serum, for 30 min. An ACTH polyclonal rabbit antiserum (a gift from Dr. M. P. Dubois; INRA, Nouzilly, France), diluted 1:4000, was incubated with tissue in a humidity chamber overnight at 4°C. The sections were then washed for 15 The immunocytochemical preabsorption control demonstrated the specificity of the ACTH antiserum and the immunocytochemical reaction. Liquid-phase absorption test was performed with a synthetic human ACTH[ 1-39] (Neosystem; Strasbourg, France). Increasing concentrations of ACTH were added to the diluted antisera (0.25-12.5 pglml) and incubated for 1 hr at 37°C before immunostaining (10). The extinction of the reaction was obtained with a concentration of 6.25 pg ACTHlml of antiserum diluted at 1:4000.
Image Analysis. Image analysis was performed with the Quantimet 570 (Leica; Cambridge, UK) connected to a black-and-white coupled device (CCD) camera. The slides were observed under a microscope (Universal; Zeiss, Oberkochen, Germany) through a narrow band filter 469 * 10-nm wavelength. For each pituitary, the 18 immunostained sections with anti-ACTH antiserum were treated by image analysis. Two programs were performed.
First, we evaluated the density of immunostained cells. All the measures were done with a x 6.3 objective lens, which gives the largest field with sufficient definition to visualize the marked cells. An automatic displacement was precisely calculated so that the same immunoreactive area was not measured twice. This program is fitted from Souchier et al. (24) . Briefly, the sections were entirely observed field by field. The analyzed field corresponding to the microscopic field at x 6.3 objective lens was a square of 706 x 706 pm (0.5 mm2), which is considered as the unit area (Ua). For each section. 256 contiguous microscopic fields were analyzed, and a cellular map was automatically constructed. The 16 x 16 unit areas were reduced on screen to represent a reduced image of the whole section (Figure la) . Results are given as the ratio of cytoplasmic immunopositive area per Ua (expressed as percentage). The threshold of positivity was evaluated for each field of section. The reduced image permitted work directly on the screen and evaluation of the anatomic orientations of the pituitary. On each image of the horizontal section of the anterior pituitary we marked out eight zones, I to VI11 ( Figure Ib) . These zones were chosen according to the localization of the biopsies given by the neurosurgeon during transphenoidal surgery.
Results are expressed as cellular density. The cellular density is the percentage of immunoreactive (IR) area per measured area. The field density (FD) is the cellular density per Ua (0.5 mm2). The zone density (Zd) is the mean of the field densities per zone. It corresponds to the percentage of ACTH-positive area of the zone. For each zone, the minimal and maximal FD were also determined. For each 12 pituitaries, the global density of corticotropic cells was calculated (Gd). This corresponds to the mean percentage of all the FDs of a pituitary.
From the mean of the zone densities (Zd) of the 12 pituitaries analyzed, a three-dimensional reconstruction of the ACTH-IR area was done and the mean density of a reference pituitary was calculated (MPD).
A second program was used on the same slides to evaluate the number of ACTH cells ( a ) per pituitary:
The volume-weighted mean particle volume (v,) was calculated by the point-sampled intercept method (25) . We used a x 40 objective lens to have an optimal view of stained cells. One hundred cells were counted for each pituitary. The pituitary volume (V) is equal to the total area ofsection S (pm') x 300 pm (distance between two analyzed sections). The volume occupied by labeled cells, V+ (pm3), was estimated by the global density (Gd) x the pituitary volume (V). n was calculated for each of the 12 pituitaries and a mean number of ACTH cells of the reference pituitary (n,) was obtained.
Statistical Analysis and Graphic Representation. Statistical analysis was performed on a IBM PC-type computer using PCSM software (Deltasoft; Grenoble, France). Each value was given as mean * SD. Briefly, comparisons between two groups were performed with the use of the t-test or MannWhitney U-test, and comparisons between more than two groups with variance analysis or the Kruskall-Wallis H-test.
The three-dimensional mapping was established from 18 sections (from top to the bottom) and the eight zones shown in Figure 
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General Observations
The anteroposterior diameter, the width. and the thickness of the normal adult pituitary ( n = 114) ranged from 0.7 to 1.7 cm. from 1.1 to 1.9 cm, and from 0.6 to 0.7 cm respectively. They showed of the pituitary (638 2 154 mg) was significantly higher in women (673 2 163; limits 425-1221 mg) than in men (611 ? 142; limits 337-953 mg), but it was independent of age.
As shown in Table 1 , the 12 pituitaries taken for this study represented a good sample of the total of 114 pituitaries. The mean pituitary weight (634.9 mg)was comparable to that established from the 114 pituitaries. I t was also higher in women than in men.
ence between densities in the eight zones in the horizontal plane were statistivery few variations according to sex, In contrast, the mean weight Of the 114 pituitaries, the mean pituitary weight of patients who died as a result of suicide (587.0 e 134.2 mg) was no greater than that of patients who died accidentally (651.3 t 131.7 mg). We found the same result for the 12 pituitaries studied (suicide cause, 630.4 k 82.4 mg; other causes, 638.1 k 120.2 mg).
ACTH Cellular Density
The mean pituitary density (MPD) of the corticotropic cells was 9.5 t 3.0%. It was statistically significantly (p<0.05) higher in men (MPD = 11.5 5.1%)thaninwomen(MPD = 7.0 f 1.3%)which could be, in part (42% of the density variance is explained by the regression), the result of a significant inverse relationship between the cellular density and the weight of pituitary (7. = -0.65;p<0.05).
The highest densities of corticotropic cells were found in the anteromedian part of the pituitary (Figure lb) . Whereas the mean zone densities (Zd) did not vary greatly from the left to the right, it is evident in Figure 1 that the density was higher in the anterior (12-13%) than in the posterior part (7-8%) of the pituitary. The observed distribution of field density can be fitted by an exponential type distribution (Figure 2) . A similar pattern was shown for the 12 studied pituitaries. It must be stressed that in each zone, the field densities (Fd) ranged from 0% to a maximum of40-60% (Figures 1 and 2) . Figure 3a shows the distribution of the Zd on eight sections out of the 18 (sections 3 to 17). Zd ranged from 2.5% to 21%. Threedimensional mapping of corticotropic cells (Figure 3b) revealed that the corticotropic cell density was higher in the anterior part (12.3Oh) 
Volume-weighted Mean Particle Volume and Number of Corticotropic Cells
From the results of volume-weighted mean particle volume of col ticotropic cells, we calculated that their mean diameter is 14.9 pm. We estimated that the total number of corticotropic cells per pituitary is around 10' cells.
Cytological Study
The ACTH cells of the anterior lobe were dispersed or organized in pseudofollicles, sometimes with a central PAS-positive mucoid substance (Figure 4a ). The cells were roughly ovoid, with a round nucleus. The cytoplasm was basophilic and strongly PAS-positive, with a typical vacuole called the "enigmatic body" by Horvath et al. (26) . Corticotropic cells secreted not only ACTH but also other peptides of the POMC molecule: P-endorphin, P-LPH, and a-MSH (results not shown). A distinct intermediate lobe was never observed, but corticotropic cells lining colloid cysts or "invading" the posterior lobe were found in six of the 12 pituitaries (Figure 4b) .
To visualize these quantitative results, typical field densities are shown at x 6.3 (Figures 4c-4f) , thus providing reference pictures of the normal distribution of corticotropic cells.
Discussion
We present here one of the rare studies devoted to human adult pituitaries which could be considered as normal because all of the subjects, without any chronic illness, died suddenly from accident or crime. In this series of 114 pituitaries, we confirmed that the weight of the pituitary is between 400 and 1200 mg and that the mean weight is higher in women than in men, as previously shown by Rasmussen (27) . From this stock of normal pituitaries, 12 representative pituitaries were selected for quantitative immunocytochemical analysis. We confirmed that the corticotropic cells, identified by a specific anti-ACTH antiserum, are mainly localized in the anteromedian part of the anterior lobe of the pituitary (2-6,8,11,12,15), and we established the first three-dimensional mapping of human corticotropic cells. According to a nonuniform spatial distribution, the corticotropic cell density was twice as high in the inferior as in the superior part, and in the anterior as in the posterior part of the anterior lobe. As shown in Table 2 , in normal adult the corticotropic cells are less numerous in women than in men (3-6). In our study, the global density of ACTH-positive cells was 9.5% 3.0%. Using specific methods for identified adenohypophyseal cells, serial sections of the whole pituitaries and upto-date image analysis for giving unbiased data, it is surprising to notice that our features are very similar to those of Rasmussen (2,3,27) who, between 1929 and 1934, performed nonspecific staining, such as Mallory, on three sections taken at three levels (onequarter, one-half, and three-quarters of the pituitary). This percentage is less than that of basophilic and "mucoid' PAS-positive cells (20-30%) found by Pearse (4) and Sommers ( 5 ) with a method of cell counting derived from that of Rasmussen. Our results are expressed as cell density per area instead of percentage of cells from total counted cells because this is the only method that can obtain unbiased and rapid results. The diameter of corticotropic cells is constant (15 pm) and it is not very different from the size of the other cell types. From our measures, the diameters are as follows: somatotropic cells 13.7 pm; gonadotropic cells 12.3 pm; thyreotropic cells 15.6 pm; prolactin cells 11.4 pm. Therefore, the percentage of cellular density per area may be considered as close to the percentage of counted cells. We estimated that, on average, there are 10' corticotropic cells in a normal pituitary.
On each horizontal section of the pituitary we analyzed the ACTH cell density in eight zones corresponding to the localization of the biopsies performed by the surgeon during transsphenoidal surgery. We found that the zone densities ranged from 2.5% to 21.0%. It must be stressed that in each zone, and especially in the anteroinferior part of the pituitary, a field density of 60% may be found. In a small biopsy specimen and on only one section, such density might be wrongly considered as abnormal, especially if the arrangement of the cells is nodular. This explains why some pathologists considered that corticotropic cell hyperplasia exists in 13% of "normal" pituitaries (16) . We give here pictures of the typical field densities observed on sections of anterior pituitary to help pathologists to distinguish normal and abnormal densities on surgical biopsy specimens of anterior pituitary in Cushing's disease. In surgical biopsy fragments, hyperplasia of corticotropic cells must be ascertained with rigorous criteria: (a) because a single section is not informative enough, the pathologist must establish the cell density on a number of sections; and (b) the zone density must be higher than 30% or the field density higher than 60% in many fields. If the surgeon localizes the biopsies, it will be easier to assess whether or not hyperplasia is present.
This method of immunocytochemical quantification by image analysis enabled the distribution of pituitary cells to be studied. It could be applied to other endocrine cell types of the thyroid, pancreas, and digestive tract in which hyperplasia is related to clinical syndromes.
